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Premise of research. Reactive oxygen species (ROS) accumulate in plant tissues when the plant is exposed
to stress, causing damage to cell structure and metabolism. Plants have a variety of mechanisms to prevent
such damage, including a number of enzymes that scavenge ROS. The impact of specific enzymes, however,
is as yet poorly understood.
Methodology. The impact on plant tolerance to cold stress of enzymes involved in scavenging ROS was
explored by comparing transplastomic tobacco lines overexpressing genes encoding glutathione reductase (GR),
dehydroascorbate reductase (DHAR), glutathione-S-transferase (GST), and manganese superoxide dismutase,
singly or in pairwise combinations, with nontransformed (NT) tobacco.
Pivotal results. Chilling to 10C resulted in less photoinhibition in lines overexpressing GR alone or in
combination with GST, compared to NT tobacco, but more photoinhibition in lines overexpressing DHAR
alone or in combination with GR. These differences were not, however, reflected in other indicators of stress.
When chilled at 4C, all lines showed similar damage to NT, except under relatively high photosynthetically
active radiation, in which case photoinhibition was reduced in all transplastomic lines compared to NT. Growth
over several weeks in a greenhouse was inhibited in the transplastomic lines when the duration included
transient cool air temperatures. When optimal air temperature was maintained, growth over a similar duration
was equal in transplastomics and NT tobacco.
Conclusions. These experiments suggest a subtle interaction of enhanced ROS scavenging and tolerance
of chilling stress.
Keywords: ascorbate-glutathione cycle, chlorophyll fluorescence, chilling tolerance, photoinhibition, stress
imaging, superoxide dismutase.
Introduction
The chloroplast is a major source of reactive oxygen species
(ROS) in leaves. A chain of events leads to the production of
toxic ROS: superoxide ( ), via spontaneous univalent elec-•O2
tron transfer to molecular oxygen (O2) from reduced com-
ponents of the electron transport chain; hydrogen peroxide
(H2O2), as a result of enzymatic or spontaneous dismutation
of ; and the hydroxyl radical ( ), produced during• •O OH2
reaction of H2O2 with transition metals (Fe
2 or Cu; Apel
and Hirt 2004). A wide range of environmental stresses reduce
a leaf’s capacity to use photochemical energy, resulting in a
reduction of photosynthesis. Light-dependent reduction of
photosynthesis, when independent of developmental change,
can be defined as photoinhibition (Long et al. 1994). The re-
duced capacity to use photochemical energy also results in
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excessive production of electrons in the chloroplast, enhancing
production of ROS. Thus, environmental stress can lead to the
accumulation of high levels of ROS, which react with proteins
and lipids, causing damage to cellular structures. Damage to
photosynthetic pigments and chloroplast structure under fur-
ther exposure to light is irreversible (Larcher 1995) and inhibits
leaf metabolism (Raven 2011).
Antioxidant defense mechanisms, both enzymatic and non-
enzymatic, are involved in scavenging ROS in the chloroplast
and in other cellular compartments. Superoxide dismutase
(SOD) catalyzes the conversion of to H2O2. Ascorbate•O2
peroxidase (APX), glutathione peroxidase (GPX), and catalase
(CAT) can each detoxify H2O2, but continued catalysis by APX
requires regeneration of ascorbate and glutathione (Apel and
Hirt 2004), which involves enzymes such as glutathione re-
ductase (GR), dehydroascorbate reductase (DHAR), and
monodehydroascorbate reductase (MDAR; Mittler et al.
2004). Since CAT is mainly associated with peroxisomes and
GPX is cytosolic, APX is the primary catalyst for detoxifying
H2O2 in the chloroplast (Apel and Hirt 2004). Monodehy-
droascorbate (MDA) is produced in this reaction, which then
reacts with the reduced form of nicotinamide adenine dinu-
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cleotide (phosphate) (NAD(P)H) to produce ascorbate—a re-
action catalyzed by MDAR. MDA spontaneously produces
dehydroascorbate (DHA), which can be reduced to ascorbate
by DHAR, with the help of the reduced form of glutathione
(GSH), which is oxidized to glutathione disulfide (GSSG). Fi-
nally, GR converts GSSG back to GSH. In plant chloroplasts,
GR can simultaneously increase the ratio of reduced to oxi-
dized glutathione and the total glutathione pool (Noctor et al.
1998). DHAR has been shown to be important for the main-
tenance of the ascorbate pool (Chen and Gallie 2005) and
contributes to protection against oxidative stress in plant cells
(Kwon et al. 2003). Some glutathione-S-transferase (GST) en-
zymes also exhibit GPX activity, directly functioning in de-
toxification during oxidative stress (Bartling et al. 1993). GST
additionally attaches various toxic substances to glutathione,
rendering them more easily removed from the cell (Burns et
al. 2005).
One approach to understanding the role of different ROS-
scavenging enzymes in stress tolerance is to manipulate their
level of activity. This laboratory has introduced genes encoding
manganese SOD (MnSOD), DHAR, GR, and GST (with GPX
activity) into the tobacco chloroplast genome (plastome) to
obtain transplastomic lines, as has been previously described
(Le Martret et al. 2011; Poage et al. 2011). Double transplas-
tomic lines expressing DHAR and GR (DHARGR) or GR
and GST (GRGST) were also obtained (Le Martret et al.
2011). These combinations were of interest since DHAR and
GR catalyze consecutive steps in the ascorbate-glutathione cy-
cle in chloroplasts, and combining expression of GR and GST
together could significantly influence glutathione homeostasis,
further affecting the ROS-scavenging capacity of the chloro-
plast. As has already been described in detail (Le Martret et
al. 2011; Poage et al. 2011), Southern blot analysis confirmed
integration of the foreign genes, and Western blot analysis
confirmed expression of the relevant transgenes in leaf tissue.
The transplastomic lines showed the predicted altered activity
of the relevant enzymes (threefold increase in SOD activity, up
to threefold increase in DHAR activity, up to sixfold increase
in GR activity, twofold increase in both GST and GPX as a
result of insertion of the GST gene, up to fourfold increase in
DHAR/GST, and fivefold increase in GR in the double trans-
formants) and of the redox state of ascorbate and glutathione.
Research on abiotic stress tolerance of transgenics overex-
pressing ROS-scavenging enzymes has yielded conflicting re-
sults: some studies have shown a beneficial impact of the over-
expression on tolerance to a wide range of types of abiotic
stress (Mohamed et al. 2003; Badawi et al. 2004; Eltayeb et
al. 2007), while others indicate a positive impact of overex-
pression in response to only some types of stress (Broadbent
et al. 1995; Kwon et al. 2003; Le Martret et al. 2011). Several
studies on different enzymes have found that overexpression
of only some of those enzymes enhanced performance under
a particular stress (Foyer et al. 1995; Payton et al. 2001; Faize
et al. 2011; Le Martret et al. 2011; Poage et al. 2011). Pho-
tosynthetic processes are often the first physiological/metabolic
processes to be inhibited by chilling temperature (Berry and
Bjo¨rkman 1980). It was hypothesized that for tobacco, the
impact of chilling on photosynthetic processes would be re-
duced in plants with enhanced activity of the ascorbate-glu-
tathione cycle enzymes or enhanced SOD activity. This pos-
sibility was explored in our bank of transplastomic lines with
increased expression of several enzymes associated with ROS
scavenging.
Material and Methods
Seed Germination and Seedling Growth Conditions
Introduction of GR, DHAR, GST, DHARGR, and
GRGST genes into tobacco led to the production of several
lines from each transformation (Le Martret et al. 2011; Poage
et al. 2011). In transplastomic plants, targeted integration
should result in different lines responding in a similar manner,
because targeted integration eliminates the position effects as-
sociated with nuclear transformants. Moreover, the different
lines showed the same phenotype under both optimal condi-
tions and a range of stresses imposed on germinating seeds,
young seedlings, and leaf discs (Le Martret et al. 2011). There-
fore, to allow comparison of transplastomics of different genes
within individual experiments, one line from each transfor-
mation was selected for this study: GR18, DHAR3, GST19,
DHARGR2, and GSTGR15. Although our assessment of
a single line follows precedents in the assessment of transplas-
tomic plants for abiotic stress tolerance (Kumar et al. 2004;
Craig et al. 2008), we do acknowledge that all direct DNA
delivery methods have the potential for mutagenesis that could
result in variation not directly related to the targeted integra-
tion and expression of the transgene—hence the inclusion of
all three of the MnSOD lines that had been shown to exhibit
phenotypic variation (Poage et al. 2011), in contrast to all the
other lines used in this investigation (Le Martret et al. 2011).
Seeds from the various transplastomic lines and seeds from
control nontransformed (NT) seed lines (all inbred selfed lines)
were germinated on hormone-free Murashige and Skoog
(1962) medium in petri dishes and incubated at 24C for 1
wk. Germinated seedlings were then transferred to multipur-
pose compost in plug trays in a 25C growth chamber with a
16L : 8D photoperiod (with photosynthetically active radia-
tion of an average 139 mmol m2 s1 in light conditions) and
relative humidity of ∼76% for a further week before being
replanted in 10-cm pots for growth chamber experiments or
1.5-L pots for the longer greenhouse experiments. A minimum
of four replicate individual plants of each line were studied in
each experiment.
Leaf Physiology
Dark-adapted chlorophyll a fluorescence variables were
measured with a continuous excitation fluorometer (Handy
PEA, Hansatech, King’s Lynn, UK), following dark adaptation
of 20 min on intact leaves or leaf discs. Both dark- and light-
adapted fluorescence variables were captured with the imaging
fluorometer. In this case, leaf discs were placed on the flat plate
of the fluorometer and allowed to dark adapt for 20 min before
images of FV/FM (variable fluorescence/maximal fluorescence)
were obtained; the leaves/discs were then allowed to light adapt
for 30 min before images of light-adapted fluorescence vari-
ables were taken.
Photosynthetic assimilation was measured with an infrared
gas analyzer (CIRAS 1, PP Systems, Amesbury, MA) under
ambient light and air temperature. A carbon dioxide concen-
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tration of 390 mmol m2 s1 was maintained using an internal
CO2 cylinder.
Thermal imaging (Snapshot, Infrared Solutions, Minneap-
olis) was used as a rapid means to determine variation in sto-
matal conductance (see Grant et al. 2012). The leaves of in-
terest were kept flat by insertion in a nylon grid to ensure
equal exposure to light. The lamina of each leaf of interest
was outlined in the camera software to obtain the average
temperature over the leaf (excluding the midvein). Wet and
dry artificial reference leaves, consisting of black cotton ma-
terial, were used in conjunction with leaf temperature to obtain
an index of stomatal conductance, IG. As the plants grew, the
grid was moved upward, resting on notches on wooden sup-
ports, so that the youngest fully expanded leaf was always
measured.
Leaf discs (1.5 cm diameter) were cut with a cork borer
from the leaves of interest to determine electrolyte leakage.
Leaf Biochemistry
Fresh mass was determined for leaf discs of 1.5 cm diameter
to estimate specific leaf area and to express pigment, malon-
dialdehyde, and H2O2 content on a per fresh leaf mass basis.
Discs used to assess malondialdehyde or H2O2 content were
immediately frozen in liquid nitrogen and maintained at
70C until the respective assay. For pigment assays, the leaf
discs were immediately soaked in methanol for 24 h and ab-
sorbance was read at 649, 664, and 470 nm (Lambda Scan
200, Bio-Tek Instruments, Potton, UK) to determine chloro-
phyll a, chlorophyll b, and carotene content (Lichtenthaler and
Miehe´ 1997). Lipid peroxidation was assessed by monitoring
the formation of malondialdehyde, by measuring absorbance
following reaction with trichloroacetic acid and thiobarbituric
acid (Du and Bramlage 1992). H2O2 content was measured
spectrophotometrically after reaction with potassium iodide
(Alexieva et al. 2001).
Biomass and Plant Growth
Plant height was measured at the start and end of the longer-
term (more than 1 wk) experiments. Four plants per line (ad-
ditional to the experimental plants) were destructively har-
vested to estimate initial leaf area and fresh and dry masses
of leaves and stems; these measurements were conducted on
the experimental plants at the end of the experiment. Leaf and
stem fresh mass was determined after cutting off the plant at
the base and separating leaves from stems. Leaf area of scanned
images was determined in Adobe Photoshop. Dry mass was
determined after drying at 80C for 48 h. Terminal buds were
marked at the start of the experiment and leaf extension was
measured at intervals thereafter.
Meteorology
Air temperature, relative humidity, and global radiation
were monitored continuously (logged at half-hourly intervals)
with a mini meteorological station (Datahog, Skye, Powys,
UK) in the different growth chambers and the greenhouse.
Photosynthetically active radiation (PAR) was estimated from
global radiation (Jones 1992). Additionally, PAR was mea-
sured at each leaf of interest in the growth chamber experi-
ments with a quantum meter (BQM, Apogee Instruments, Lo-
gan, UT).
Experimental Design and Statistical Analysis
A random block design was used for the greenhouse ex-
periments and completely randomized designs were used for
the growth chamber experiments. All experiments were ana-
lyzed with two-way ANOVA, with the two factors being to-
bacco line and stress treatment. Repeated-measures two-way
ANOVA was used to analyze data collected from the same
plants at intervals over time or where leaf discs were cut from
the same plants and exposed to different treatments.
Enzymes Involved in the Ascorbate-Glutathione Pathway
Growth chamber experiments. In two experiments, whole
plants in pots were subjected to cold treatment through ma-
nipulation of air temperature in growth chambers. In the first
experiment, plant performance in a controlled-temperature
(25C) growth chamber was compared with that in a cold
(10C) growth chamber. In the second experiment, air tem-
perature was reduced from 25 to 4C, maintained at 4C
under light for 72 h, and maintained at 4C for a further 48
h in darkness, and then air temperature was increased back
to 25C, at which point it was maintained for 48 h under light.
In a third experiment, cut leaf discs were exposed to different
temperatures at controlled light levels by floating the discs on
10 mL of deionized water in test tubes and leaving the test
tubes under the required PAR for 72 h, using the illumination
unit (44 high-power royal blue [450 nm] LED lamps) of an
imaging fluorometer (IMAGING PAM, Maxi version, Walz,
Effeltrich, Germany). The fluorometer was placed in a growth
chamber, and air temperature in the chamber was set at either
25C (control) or 4C. The experiment was conducted under
two different PAR levels: 250 and 80 mmol m2 s1.
Greenhouse experiments. Relatively long-term growth
and physiological behavior of the transplastomic lines and NT
tobacco were compared in a greenhouse under two sets of
conditions: first, air temperature was not controlled and hence
fluctuated, including transient low temperatures, and second,
air temperature was maintained at 24C throughout (control
unit, HortiMaX Growing Solutions, Pijnacker, The Nether-
lands). Supplemental light (GroLux high-pressure 600-W so-
dium lamps, Osram Sylvania, Danvers, MA) was provided to
maintain 15 h light at 128 W m2 d1. Four replicates of each
line in 1.5-L pots were arranged in a greenhouse in groups of
four plants so that every plant was under a lamp, ensuring
equal exposure to light. Water use was determined weekly,
gravimetrically, in parallel with monitoring of evaporative de-
mand using an evaporimeter (Evaposensor, Skye, Powys, UK);
irrigation was applied every 2–3 d via pressure-compensated
drippers, according to estimated water use in that duration
(Grant et al. 2012), to replace 100% of water used in
transpiration.
Superoxide Dismutase
Whole plants in pots were subjected to cold treatment by
manipulating the air temperature in a growth chamber. Air
temperature was reduced from 25 to 4C and maintained at
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Fig. 1 Ratio of variable to maximal chlorophyll fluorescence
(FV/FM; a), initial chlorophyll fluorescence (Fo; b), and quantum yield
of nonregulated energy dissipation (Y[NO]; c) in leaves of nontrans-
formed (NT) and different transplastomic lines (DHARp dehydroas-
corbate reductase, GR p glutathione reductase, GST p glutathione-
S-transferase) of tobacco following 2 wk in either control (25C) or
cold (10C) treatments; whole plants were subjected to these conditions
in growth chambers. Columns represent means  SE, n p 4. Within
a graph, columns with different letters are significantly different from
each other (least significant difference following two-way ANOVA,
P ! 0.05). The dotted line in a indicates optimal FV/FM.
4C for 72 h before being returned to 25C. The same pho-
toperiod used during seedling growth was maintained through
the experiment.
Results
Growth Chamber Experiments
Enzymes involved in the ascorbate-glutathionepathway. The
ratio of variable to maximal fluorescence (FV/FM), which indicates
maximal photochemical capacity of photosystem II (PSII), was
reduced and initial fluorescence (Fo) of the fourth leaf of 6-wk-
old tobacco seedlings increased only 1 d after transfer to a low-
temperature (10C) environment, indicating photoinhibition (Ha-
vaux 1992). Transplastomic lines behaved in the same manner as
nontransformed plants until 2 wk later. At that point, FV/FM well
below the optimum of ∼0.84 indicated photoinhibition in all
plants in the cold, but higher FV/FM (fig. 1a) and lower Fo (fig.
1b) in GR plants compared to NT plants indicated better cold
tolerance in those plants with enhanced GR activity. GR was the
only line that did not show an increase in Fo in the cold temper-
ature compared to the control temperature. DHAR and
DHARGR plants, however, were more photoinhibited in the
cold than NT, showing lower FV/FM and higher Fo. DHAR and
DHARGR also showed significantly lower FV/FM and higher Fo
than GST or GSTGR. Leaves of DHARGR showed signifi-
cantly lower FV/FM than NT even under control conditions.Mod-
ulated chlorophyll a fluorescence imaging showed variation in the
quantum yield of nonregulated energy dissipation (Y[NO]). The
increase due to cold in Y(NO) was greatest for NT and least for
GSTGR (fig. 1c). However, the effective yield of PSII and elec-
tron transport rate were equally reduced by the cold treatment
across all lines (data not shown). No difference between lines was
detected in coefficients of photochemical or nonphotochemical
quenching.
Photosynthetic assimilation rate, chlorophyll and carotene
contents, electrolyte leakage, and lipid peroxidation (measured
as malondialdehyde content) were equally affected by cold in
all the transplastomics and NT. Shoot (stem leaves) dry mass
was similarly reduced by cold in all transplastomics and NT
(table 1). Shoot height was least reduced by cold in DHAR.
The length of the longest leaf was most reduced by cold in NT
but was also reduced in GR (table 1).
Three weeks after the onset of cold treatment, all lines were
severely photoinhibited, with an average FV/FM of 0.48, and
there was no longer any difference between lines. On returning
the plants at this stage to control temperatures, FV/FM recovered
to prestress levels within 3 d, indicating no irreversible damage
at 10C.
In a separate experiment, air temperature in the growth
chamber was reduced from the control to 4C to impose a
more severe stress, which might lead to greater ROS produc-
tion. FV/FM fell (fig. 2a), as did chlorophyll content (by 22%),
and electrolyte leakage increased (from 16% to 47%) in leaves
of all plants after 48 h of cold treatment, indicating stress.
Another 24 h later, FV/FM had fallen further. The lights in the
growth chamber were then turned off, preventing further pho-
toinhibition. There was, however, no recovery of FV/FM fol-
lowing 48 h of darkness. Air temperature in the growth cham-
ber was then increased back to 25C, but 2 d later there was
still no recovery of FV/FM. Therefore, in this experiment, there
is strong evidence that the photosynthetic apparatus was dam-
aged, suggestive of ROS accumulation. H2O2 content of leaves,
however, showed a substantial increase only late in the ex-
periment (fig. 2b). The response to the cold stress in FV/FM,
electrolyte leakage, and chlorophyll content was uniform
across NT and transplastomic lines.
Additional experiments were conducted in which the lamp
of the chlorophyll imaging fluorometer was used to provide a
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Fig. 2 Ratio of variable to maximal chlorophyll fluorescence
(FV/FM; a) and hydrogen peroxide (H2O2) content (b) in leaves of non-
transformed and different transplastomic lines of tobacco while air
temperature was reduced from 25 to 4C and then increased again;
whole plants were subjected to these conditions in a growth chamber.
Symbols represent means  SE, n p 4. Abbreviations are as in fig.
1.
Fig. 3 Ratio of variable to maximal chlorophyll fluorescence
(FV/FM) in leaf discs following 72 h at 25C (top) or 4C (middle,
bottom) under photosynthetically active radiation of 250 mmol m2
s1 or 80 mmol m2 s1. Detached leaf discs were subjected to these
conditions in a growth chamber. Discs from nontransformed tobacco
are outlined with white circles.
set level of PAR over leaf discs floated on water for 72 h. At
PAR of 250 mmol m2 s1, FV/FM was drastically reduced in
discs exposed to 4C compared to 25C (fig. 3), indicating
photoinhibition at 4C. NT discs, however, were significantly
more damaged than discs from the transformant lines. There
was no significant difference in FV/FM between the different
transplastomic lines. When the experiment was repeated at low
PAR (80 mmol m2 s1), FV/FM was reduced at 4C compared
to 25C (fig. 3) but far less severely than at the higher PAR.
At lower PAR, no difference in FV/FM was detected between
transplastomics and NT.
Superoxide dismutase. After 48 h of cold treatment, FV/FM
fell equally in the SOD transformants and the NT tobacco (data
not shown). After 72 h of cold treatment, H2O2 content in leaves
of one SOD line, SOD6, was more than twice that in NT leaves
(table 2). H2O2 content in the leaves of the other two SOD lines,
however, was not significantly higher than in the NT leaves.
Greenhouse Experiments
In the first greenhouse experiment, air temperature fluctu-
ated considerably over the 8 wk (fig. 4a). This experiment was
in an unheated greenhouse over winter, with air temperatures
sometimes falling to below 5C at night. PAR also fluctuated,
with maximum daily PAR often reaching 250 mmol m2 s1
(fig. 4b).
In the experiment in which air temperature was not con-
trolled, in the third week, the transplastomic lines showed
lower specific leaf area (fig. 4c), lower total chlorophyll content
(fig. 4d), and, with the exception of DHARGR, lower car-
otene content (fig. 4e) compared to NT tobacco. Such differ-
ences were not seen in discs taken from the same (old) leaves
5 wk later, at which point pigment contents had fallen and
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Table 2
Hydrogen Peroxide (H2O2) Content in Leaves of
Nontransformed (NT) or Transplastomic Tobacco
Lines during Cold Treatment (4C)
Tobacco line H2O2 content (mmol g
1)
NT 9.16  1.68
SOD1 12.86  3.17
SOD2 13.94  2.36
SOD6 23.15  3.08*
Note. Data are means  SE, n p 6. The asterisk indicates a
significantly different mean to all the others (least significant dif-
ference following two-way ANOVA), P ! 0.05. Whole plants were
grown in the growth chamber. SOD p superoxide dismutase.
specific leaf area increased (fig. 4c–4e), nor in young (new)
leaf tissue taken at that stage from leaves that developed during
the experiment (fig. 4c–4e). In the third week of treatments,
below optimal FV/FM indicated photoinhibition (fig. 4f ), which
was more severe in all transplastomic lines than in NT. Later
in the experiment, however, there was no longer any difference
in FV/FM between NT and the transplastomic lines (average
0.77  0.01 in week 8).
The net increase in leaf area during the experiment (some
older leaves senesced and disintegrated) was greater inNT than
in any transplastomic line (table 3). The increase in stem fresh
mass was also greater in NT than in any transplastomic line.
Dry shoot mass was reduced in DHAR and DHARGR com-
pared to NT: this is due to a greater shoot mass at the end of
the experiment rather than any difference at the beginning and
largely relates to differences in the mass of that part of the
stem and those leaves that existed prior to the imposition of
treatments (old leaf and stem mass; table 3), suggesting that
biomass gain was less in DHAR and DHARGR compared
to NT early in the experiment. H2O2 content (on average 5.94
mmol g1) was similar in the different lines and in NT tobacco.
In the second long-term greenhouse experiment, temperature
in the greenhouse was maintained at an optimal level (24C).
In this case, no differences in the above variables were found
between the transplastomic lines and NT tobacco. The IG, pho-
tosynthetic assimilation, and malondialdehyde content did not
differ significantly between NT and transplastomic tobacco in
either experiment (fluctuating or constant air temperature).
Discussion
Enzymes Involved in the Ascorbate-Glutathione Pathway
Short-term responses. The first chilling experiment with
whole plants indicated improved cold tolerance in those plants
with enhanced GR activity, although some photoinhibition
even in GR and GSTGR tobacco transplastomics was in-
dicated by below optimal FV/FM (∼0.84; Maxwell and Johnson
2000). Enhanced GR activity as a result of chloroplast trans-
formation in cotton also improved photosynthetic tolerance of
chilling at 10C (Payton et al. 2001). Expression of GR in the
chloroplasts of poplar led to decreased sensitivity to exposure
to high radiation and to methyl viologen (Foyer et al. 1995);
glutathione content in the leaves increased, as did the pro-
portion in the reduced state (GSH). In this study, the GR line
assessed also exhibited increased total glutathione content in
leaves (Poage et al. 2011). Foyer et al. (1995) found that the
increased GSH led to an increased ascorbate pool and sug-
gested that their results were evidence of the importance of
GSH-mediated ascorbate regeneration via the ascorbate-GSH
cycle. Suppression of the enzymes involved in the alternative
regeneration cycles during chilling may increase the relevance
of GSH-mediated ascorbate regeneration, where GSH avail-
ability has been enhanced as a result of the GR trans-
formation.
In this study, enhanced expression of DHAR increased sus-
ceptibility to photoinhibition, and where increased DHAR and
GR activity were combined, the impact of DHAR appeared to
override any beneficial impact of enhanced GR expression.
This may be because the ratio of reduced glutathione to oxi-
dized glutathione was not increased compared to NT in the
DHARGR transplastomics (Poage et al. 2011), preventing
the direct impact of enhanced GR activity on regeneration of
ascorbate suggested by Foyer et al. (1995), as outlined above.
In addition to low FV/FM and high Fo, Y(NO) was relatively
high in cold-exposed leaves of DHAR and DHARGR, with
high Y(NO) indicating downregulation of both photochemical
energy conversion and protective regulatory mechanisms (Kra-
mer et al. 2004). This impact of enhanced DHAR activity
contrasts with results for transgenic tobacco expressing a hu-
man DHAR, in which case tolerance of less severe cold (15C)
was enhanced compared to NT (Kwon et al. 2003). In this
experiment, leaves of DHARGR showed significantly lower
FV/FM than leaves of NT even under control conditions, sug-
gesting slightly lowered photochemical capacity at optimal air
temperature. Despite greater photoinhibition in DHAR than
NT, plant height was least reduced by cold in DHAR. Research
in which nuclear-encoded DHAR was expressed in tobacco
chloroplasts also found that the height of transgenic plants
was less reduced by mild cold stress (15C) compared to NT,
but unlike in this study, in that case DHAR tobacco also main-
tained greater shoot dry mass and chlorophyll content (Kwon
et al. 2003). The results of this study suggest that the differ-
ences in photoinhibition had little impact on photosynthesis
or growth, and other measures of stress (electrolyte leakage
and lipid peroxidation) showed no difference between any of
the transplastomics and NT. This may be because effects of
enhanced activity on photoinhibitory damage as a result of
cold temperature were transitory, since eventually FV/FM fell
to similarly low values in all plants. Recovery of FV/FM to
prestress levels when plants were returned to the control tem-
perature indicates that the stress induced by this chilling treat-
ment was relatively mild, perhaps insufficient to result in a
substantial benefit of enhanced ROS scavenging. However, a
more severe chilling stress (4C), also with whole plants, that
led to a clear and irreversible impact on leaf photochemistry
also did not produce any differences between transgenic and
NT tobacco in terms of chlorophyll fluorescence, electrolyte
leakage, or chlorophyll content.
H2O2 content following chilling at 4C showed a rise, fall,
and then another rise, as has been reported previously in straw-
berry leaves (Yong et al. 2008); it seems that production of
H2O2 was delayed relative to stress exposure. Thus, the pho-
toinhibition and loss of chlorophyll content and increase in
electrolyte leakage detected prior to the increase in H2O2 con-
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Fig. 4 Air temperature (a) and photosynthetically active radiation (PAR; b) during an experiment in an unheated greenhouse, in which
nontransformed and transformed tobacco were grown for 8 wk, and the specific leaf area (c), total chlorophyll content (d), carotene content
(e), and ratio of variable to maximal chlorophyll fluorescence (FV/FM; f) of their leaves. Columns represent means  SE; n p 4. Whole plants
were grown in this greenhouse experiment. Abbreviations are as in fig. 1.
tent may relate not to ROS-induced damage but rather to re-
duced photosynthetic rate and chlorophyll production and
changes in membrane configuration due to chilling-induced
lipid-phase changes (Leshem 1992). The lack of difference be-
tween transplastomics and NT conflicts with earlier research
(Le Martret et al. 2011) with cut leaf discs of some of the
same tobacco lines, in which tolerance to chilling at 8C for
72 h was slightly increased in discs of DHAR and GST and
more substantially increased in discs of GSTGR and
DHARGR compared to NT. On the other hand, at 4C and
PAR of 1000 mmol m2 s1, reduced photoinhibition as a result
of GR overexpression in poplar was detected only when ex-
pression was extremely high (a thousandfold increase com-
pared to NT) and not at expression levels (a two- to 10-fold
increase) more similar to those measured in the lines studied
here (Foyer et al. 1995).
Photoinhibition in the cold is known to be dependent on
light exposure (Allen and Ort 2001). PAR could not be con-
trolled in the growth chambers and, moreover, was not uni-
form through the chamber, resulting in variability of exposure
within a line; in addition, intact tobacco leaves are not flat,
further adding to variability of irradiance. For this reason, an
additional experiment was undertaken using flat leaf discs
rather than whole plants. Although enhanced scavenging ca-
pacity did not prevent photoinhibition in the cut leaf discs at
4C and PAR of 250 mmol m2 s1 (FV/FM fell drastically in all
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Table 3
Growth and Biomass of Various Transplastomic and Nontransformed Tobacco Lines in a Greenhouse Experiment
during Which Air Temperature Fluctuated between 4.6 and 21.5C
Tobacco line
NT DHAR GR GST DHARGR GSTGR
Increase over experiment:
Leaf area (cm2) 778  211B 281  174A 346  183A 260  66A 373  85A 27  322A
Stem fresh mass (g) 64.60  1.27C 47.20  1.59B 48.09  1.23B 51.04  1.92B 39.99  3.80A 49.13  1.63AB
Final dry mass (g):
Shoot 21.57  1.08C 18.26  .91AB 19.97  1.29BC 19.02  1.32BC 18.53  1.09A 20.12  1.20BC
Old leaf 6.50  .16C 4.90  .41AB 6.69  .61BC 5.56  .32AB 5.05  .29A 4.39  .42A
Old stem 8.16  .83B 5.98  .39AB 7.12  1.28AB 7.83  .68B 5.81  .24A 8.02  .85B
Note. Values are means  SE, n p 4. Within a variable, different letters indicate significant differences between tobacco
lines (least significant difference following ANOVA), P ! 0.05. Old leaves/stem refer to leaves and the stem below the new bud
marked at the start of the experiment, that is, they were present prior to the initial growth measurements. Abbreviations are as
in fig. 1.
leaf discs), it did reduce it. Reduced impact of this temperature
in combination with very high PAR (1000 mmol m2 s1) on
photosynthetic rate has previously been observed in intact
leaves of tobacco expressing an introduced GPX gene (Yoshi-
mura et al. 2004). In this study, the impact of chilling at 4C
was clearly dependent on PAR, with no difference between
transplastomics and NT being detected at lower PAR exposure.
Long-term impacts of overexpression. The two green-
house experiments offer the possibility of examining the impact
of overexpression on plant physiology and growth in the rel-
atively long term—something that has rarely been investigated.
Transplastomics behaved differently from NT in the first of
these experiments, which appears to relate to increased pho-
toinhibition during cool conditions early in that study. Vari-
ation in specific leaf area and pigment content over time in the
experiment relate to aging but also probably to fluctuating air
temperatures. In particular, below-optimal FV/FM in the third
week of treatments, indicating photoinhibition, probably re-
lates to low greenhouse temperatures in combination with oc-
casionally relatively high maximum daytime PAR around that
time. Lower FV/FM at this stage in all transplastomic lines than
in NT suggests a negative impact of the inserted genes on leaf
physiology in these conditions. Biomass differences between
tobacco lines, even though dependent on productivity through
the entire experiment, may also relate to the photoinhibition
detected early in the experiment: limited biomass production
in DHAR and DHARGR is suggestive of an impact of cold,
given the greater photoinhibition of these lines in the short-
term 10C experiment. This contrasts with the reduced sus-
ceptibility of the transplastomics to photoinhibition at 4C
under relatively high PAR (in the leaf disc experiment) but for
DHAR is consistent with the greater photoinhibition seen in
this line in the 10C experiment, suggesting a negative impact
of enhanced DHAR activity during mild chilling. It has been
found that H2O2 is necessary to acclimate to excess electron
excitation (Karpinski et al. 1999), and treating maize seedlings
with H2O2 increased protection against chilling in darkness
(Prasad et al. 1994). Thus, lines with enhanced scavenging of
H2O2 could be at a disadvantage during such chilling as oc-
curred, in particular, in the cool greenhouse. A detrimental
effect of overexpression has been detected in some other stud-
ies—GR overexpression was seen to increase sensitivity to
paraquat (Poage et al. 2011), while insertion of MnSOD re-
sulted in increased sensitivity to H2O2 (Mancini et al. 2006).
The lack of differences between DHAR and NT in pigment
content, photosynthetic assimilation, and stomatal conduc-
tance in these two experiments contrasts with other research
over similar-duration experiments, in which insertion of a
DHAR gene led to a delay in leaf senescence, higher chloro-
phyll content and photosynthetic rate, and more open stomata
(Chen and Gallie 2005, 2006). PAR in those experiments was,
however, far higher (averaging more than 750 mmol m2 s1)
and therefore more likely to lead to photoinhibition. The lack
of differentiation between transplastomic and NT tobacco
when air temperature was maintained constant and optimal
further suggests that the differences seen in the first long-term
greenhouse experiment related to response to temperature.
Superoxide Dismutase
Since SOD acts as the first line of defense against ROS pro-
duction, it was considered that responses to stress of lines with
enhanced SOD activity may differ from those with enhanced
activity of enzymes involved in the ascorbate-glutathione path-
way. The FV/FM fell during cold treatment in SOD transplas-
tomics and NT tobacco alike. The impact of cold treatment
on photosynthetic rates of cotton was similarly unaffected by
overexpression of a chloroplast-targeted MnSOD (Payton et
al. 1997)—or at least when the treatment duration was greater
than 1 h (Payton et al. 2001), as was the case in this study.
High H2O2 content in leaves of one SOD line, SOD6, in this
research could be the result of SOD removing via pro-•O2
duction of H2O2. If this is the case, the impact was not, how-
ever, seen in the other two SOD lines. Variation between lines
of a particular transgenic has been reported previously. For
example, of three poplar lines into which g-glutamylcysteine
synthetase (required for production of glutathione) had been
introduced, one showed a reduction in FV/FM compared to NT,
while another showed increased photosynthetic assimilation
and FV/FM compared to NT, and there was also growth vari-
ation between the three (Herschbach et al. 2010). Similarly,
the impact on oxidative and ozone stress tolerance of inserting
GRANT ET AL.—IMPACT OF ENHANCED CAPACITY TO SCAVENGE REACTIVE OXYGEN SPECIES 553
GR genes into tobacco has been found to vary between lines
(Broadbent et al. 1995). Plastid (in contrast to nuclear) trans-
formation, however, proceeds through homologous recombi-
nation, that is, targeted integration, so less interline variation
would be expected. Our results with SOD transplastomics,
however, indicate that in fact variation can exist between trans-
plastomic lines, and therefore our conclusions with respect to
genes involved in the ascorbate-glutathione cycle should be
validated with the use of more lines resulting from each
transformation.
Enhanced tolerance of the same lines studied here has been
described with respect to oxidative stress (imposed by floating
leaf discs on paraquat) and UVB (imposed by floating leaf discs
under very high UVB). Contrasting results in this study (with
ascorbate-glutathione cycle transplastomics at 4C) between
measurements on intact leaves and leaves floated on water
point to a possible cause of variation between this and previous
studies; that is, the previous work was entirely undertakenwith
leaf discs, while this study with the SOD lines relates to whole
plants.
Although this study provides evidence of short-term varia-
tion between the SOD lines in response to cold, there is no
evidence that such variation is sustained. In conjunction with
the existence of transient differences in response to cold in
DHAR and DHARGR compared to NT tobacco (at 10C),
this suggests a transient nature of the impact of the insertion
of genes involved in ROS scavenging, although reduced growth
rate in transplastomic lines compared to NT in the long-term
experiment during cool air temperatures suggests that transient
impacts on photosynthesis can have significant longer-term
effects.
Conclusion
In conclusion, the impact of the genes studied here on tol-
erance of low temperatures appears to be subtle. ROS pro-
duction is highly dependent on incident PAR, and in particular,
the 4C experiment at different light intensities suggests that
the impact of the overexpression of the ROS-scavenging en-
zymes we studied may be dependent on the interaction of light
and cold stress.
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